INTRODUCTION
In microscopic images of the human brain the cerebellum appears as several di erent layers of varying textures. These di erent tissue layers are de ned by the di erent cell types and cell densities that are observed within them. In order to be able to quantify certain aspects of neurodegeneration it is desirable that we can automatically identify these di erent cerebellar layers. It is of particular interest to us to be able to quantify the amount of cerebellar atrophy and to be able to automatically recognise di ering distributions of particular pathological features with respect to the di erent layers of the cerebellum.
The use of quantitative image processing techniques in biomedical image analysis is an increasingly competitive eld of research. The application of these approaches to neuropathology is now a reality, with a number of di erent research groups reporting quantitative techniques for analysing a variety of pathological features [1] [2] [3] . As yet few researchers have described systems which can accurately relate these features back to the underlying neuroanatomy. Towards this goal we have developed a novel image processing system which can segment images of human cerebellar tissue using mathematical morphological functions.
On microscopic inspection the middle layer of the cerebellum can be seen to be mainly constructed from a large number of small dense granular cells, gure 1. As a result of the staining process these cells are signi cantly darker than most of the surrounding material, and thus it would be expected that a simple intensity threshold would isolate these cells from the rest of the image information.
The characteristic feature of the granular layer of the cerebellum is that it is constructed from a number of these granular cells in close proximity to each other. Thus the identi cation of the image region which represents this granular layer must be based on this feature.
The nature of the construction of the di erent layers of the cerebellum means that the segmentation of these microscopic images is e ectly a texture seg- mentation problem. There are a number of di erent texture-based analysis measures which can be used to segment di erent image regions on the basis of texture, as reviewed by Wechsler 4] . Mathematical morphology has also been demonstrated on texture segmentation -as described by Meyer and Beucher 5] -but as yet few real applications have been developed in this area.
Mathematical morphology is an attractive solution to this particular segmentation task as an e cient interval based system of image processing, incorporating morphological ltering, is available. The software system we are using is fundamentally an interval coding based methodology of image processing as described originally by Rutovitz 6] . This approach to image processing has been developed further by the Medical Research Council in Edinburgh and successfully applied to mathematical morphology functions by Piper et al 7] .
In order to identify the individual granular cells an image intensity threshold was applied to each image. This thresholding function was performed using the pixel intensity histogram of each image. The location of the threshold was determined by analysing the gradient of the histogram. The threshold position was de ned as the rst point above the histogram peak at which the slope of the histogram became zero or positive. This method of threshold setting should place the threshold at an intensity level which separates the dense granular cells from the lighter background tissue.
The output of the thresholding stage of the algorithm applied to the image shown in gure 1 is shown in gure 2. This illustrates very clearly how the granular layer of tissue is constructed from a large number of individual cells very close to each other, sometimes linked together in clusters. The thresholding process also reveals a number of other cells which are not part of the granular layer. In order to recognise the image area that represents the granular layer these individual cells, or clumps of cells, must be linked together to form a region. The morphological closing operator, a dilation function followed by an erosion, can be used to perform this task.
If erosion of an image`f' with a structing element`b' is denoted f b and the dilation of image f by the same element is denoted as f b then the closing of image f with structuring element b is denoted f b and is shown in equation 1.
In this application the dilation function should link the individual cells together to form one large object for each part of the granular layer visible in the image. The following erosion function will then shrink back the edges of this new object while still maintaining the connections between the individual granular cells.
The selection of structuring element used by the dilation and erosion functions is very important to the system as this determines the manner in which the individual objects are connected. In this case a circular disc shape has been employed. The radius of this disc must be chosen to be just larger than the average distance between two neighbouring groups of granular cells. Figure 3 shows the way in which individual cells are linked using the closing function. If however an element whose radius is too large is selected for the closing function then erroneous connections will be formed between cells that lie outwith the actual granular layer, gure 4. Experimental results will be presented in the following section which illustrate the way in which an optimal structing element radius can be arrived at. Figure 4 : A large structing element will incorrectly link isolated cells to the granular layer.
The output of this stage of the algorithmis an overlay image which shows the position of the granular layer boundary, e.g. gure 5. Note that in this example the individual cells which lie outwith the granular layer are still preserved. The nal stage of the algorithm involves the removal of these isolated cells which are not part of the granular layer. It would be possible to use morphological ltering to erode these cells away, however, in this case a simple object size criterion appears to function satisfactorily. Figure 6 illustrates the correct segmentation of an example image using the complete algorithm. The complete algorithm, incorporating all the di erent functional stages described above, is summarised in gure 7. 
EXPERIMENTAL RESULTS
As objective validation of segmentation of real data is practically impossible a scheme of subjective evaluation has been devised in order to allow us to assess the performance of the system. The analysis of the segmentation algorithm has been performed by comparison with a human viewer. In this evaluation the human viewer was shown the output of the segmentation algorithm, i.e. images like gure 6, in which the computer generated granular layer boundary was placed as an overlay on the original image. The human viewer was then asked to gauge the accuracy with which the granular layer has been identi ed.
The viewer was allowed to grade the automatic segmentation of the granular layer on a subjective scale.
Initial experiments were performed using 20 images of the human cerebellum, drawn equally from four samples of normal brain tissue. For each of these examples the above closing function was performed on the binarised representations of the actual images. The thresholding stage employed here was performed in the manner described above. The closing function was used ve di erent times using a disc element of di ering radii. A human viewer ranked these ve segmentations of each of the original 20 images. The average rank gures for elements of the ve di erent radii are presented in Using the best disc radius derived above, i.e. a disc with a radius of 10 pixels, a larger set of 100 images were used to obtain subjective evaluation of the entire system. The human judge was required to grade each image using the terms -perfect, adequate, poor or fail. The criterion loosely corresponded to 0%, 5%, 10% and greater than 10% in error, with regard to the area highlighted. 
DISCUSSION AND CONCLUSIONS
Using the proposed algorithm microscopic images of human cerebellar tissue can be successfully segmented to outline the boundary of the granular layer.
In the vast majority of test images (92%) the algorithm used here gives satisfactory results, being classed as either perfect or adequate. Of the images in which the segmentation was rated as poor most were a ected by extraneous factors. It must be recognised that a biological system of this nature will have to deal with artifactual information, however, the use of contextual information from adjacent microscope elds, which is not exploited in the present algorithm, may help to reduce these errors.
In the future the technique that we have proposed here will be linked to quantitative information we have derived from another source relating to a speci c type of neuropathological lesion 8]. Although it should also be possible to use this segmentation technique to augment other sources of quantitative information.
It would be hoped that the level of performance of the algorithm presented here will be su cient to aid in the acquisition of quantitative information about the pathology of several neurodegenerative disorders. It remains to be seen whether di erent disease mechanisms may disrupt the tissue beyond the extend where this approach is still e ective.
